I. INTRODUCTION
Carbon nanotubes 1 have aroused world-wide interest in the quantum properties of electrons and phonons and in a variety of nanotube applications. [2] [3] [4] Resonant Raman spectroscopy has provided a powerful tool for observing diameter-selective phonon modes in single wall carbon nanotubes ͑SWNTs͒ 4, 5 and in multiwall carbon nanotubes ͑MWNTs͒ 6, 7 containing different diameters within the sample. Among the 15 or 16 Raman active modes predicted by group theory, 2, 3, 8, 9 the radial breathing modes ͑RBM͒, and the tangential G-band modes are known to have strong Raman intensity in the lower (100-450 cm Ϫ1 ) and higher (1500-1600 cm Ϫ1 ) frequency regions, respectively, as firstorder Raman processes. In particular, the Raman-active G band consists of two A, two E 1 , and two E 2 phonon modes for chiral nanotubes, and of one A 1g , one E 1g , and one E 2g mode for achiral ͑armchair or zigzag͒ nanotubes, as predicted by group theory and phonon frequency calculations.
2,3,9 Thus we expect six or three G-band spectral features for chiral and achiral nanotubes, respectively, if all Raman-active modes have sufficient intensity to be observed and can be spectrally resolved.
The RBM frequency is inversely proportional to the diameter of the SWNT d t because the RBM frequency depends on the number of carbon atoms around the circumferential direction. [10] [11] [12] As for the G-band phonon modes, different symmetry modes are split in frequency from one another by different amounts in the Raman spectra. The magnitude of the splitting of the G-band phonon modes increases with decreasing d t because of both a zone-folding effect 13, 14 and a curvature effect, 15 each of which is operative on the phonon modes. Since the phonon frequencies of both the RBM and the G band depend mainly on d t , previous theoretical works were performed mainly for achiral carbon nanotubes 10 without considering any chirality dependence. However, direct calculation of the G-band frequencies for the ͑17,0͒ zigzag nanotube showed that the lowest frequency component had E 2g symmetry, while the E 2g symmetry mode for the ͑10,10͒ armchair nanotube 10 was found to be the mode with the highest frequency. The present work shows that this difference in behavior is related to the chirality dependence of the G-band features discussed in this paper.
The symmetries of the intense Raman modes were observed in a recent Raman experiment for aligned MWNTs ͑Ref. 6͒ and aligned SWNTs. 15, 16 The experimental results are in good agreement with theory, 10 when we consider both the nonresonant bond-polarization theory for the Raman intensity and the depolarization effect on the optical absorption. [17] [18] [19] Furthermore, it is now possible to observe the Raman spectrum from an individual nanotube using polarized, 19 surface enhanced, 20, 21 or confocal 22 microRaman techniques and directly observe the effects predicted in this paper. Moreover, we have succeeded in demonstrating a one-to-one assignment of the chiral indexes (n,m) to each RBM frequency observed in a confocal micro-Raman experiment, using the theory of resonant transitions. 22 We cannot, however, use this assignment to simultaneously interpret the RBM and G-band spectra, because the resonant condition for the RBM differs from that for the G band by the G-band phonon energy (ϳ0.2 eV). Thus, for a sample with several SWNTs within one light spot, a different nanotube might be resonant for the RBM as compared with the G band. Nevertheless, as shown in this paper, confocal micro-Raman observations of individual SWNTs show different G-band spectra from one SWNT to another. Thus a precise symmetry deter-mination of the G-band Raman-active modes for a chiral nanotube using theoretical considerations is necessary.
In this paper, we first present calculated results for the G-band Raman intensity of chiral carbon nanotubes, extending a model based on previous work. 10 An interesting result is that for the case of chiral nanotubes, not three, but rather six phonon modes have sufficient Raman intensities to be observable, and furthermore the mode intensities also depend on nanotube chirality. This theoretical prediction is confirmed experimentally by the observation of chiralitydependent G-band Raman spectra for individual SWNTs, observed by use of confocal micro-Raman spectroscopy. 22 These results provide valuable information for the identification of the chirality of a SWNT from a Raman experiment. In the next section, we show the methods used in the calculations and in the experiments. In Sec. III we show the calculated results of the G-band Raman intensity. In Sec. IV we present the observed G-band Raman spectra from an individual SWNT. The interpretation of these spectra is discussed in Sec. V along with further discussion of the model calculations. A summary of our results is given in Sec. VI.
II. METHOD
The Raman frequencies and intensities are calculated, respectively, using tight binding molecular dynamics ͑TBMD͒ methods and by a bond-polarization theory for the Raman tensor. 2, 10 The limitations to this model are discussed in Sec. V.
The symmetries of the phonon modes are obtained by applying a projection operator for an irreducible representation with axially chiral symmetry C N to the calculated eigenvector of each phonon mode. 2, 3, 9 In this paper the Raman intensity is calculated for the VV polarization of the light by taking an average over random orientations of the nanotube axes, so that we obtain the total intensities for all modes corresponding to the A, E 1 , and E 2 irreducible representations for the symmetry group C N , 10 in which the depolarization effect cannot be seen in the calculated results. In the region of SWNT diameters, 1.30Ͻd t Ͻ1.40 nm, we select eleven nanotube chiralities (n,m) for our calculations: ͑17,0͒, ͑17,1͒, ͑16,2͒, ͑16,3͒, ͑15,3͒, ͑15,4͒, ͑14,5͒ ͑13,7͒, ͑12,7͒, ͑11,9͒, and ͑10,10͒, and the chiral angles 2 for these tubes ϭarctan͕ͱ3m/(2nϩm)͖ lie between 0рр30°, and are 0.0, 2. Both the incident and scattered beams were collected by optical fibers. The incident beam passes through a quarter-wave plate before being collected, so that no polarization of the light is expected in these observations.
The enhancement of a Raman signal is due to the resonance Raman effect in which an energy separation E ii between van Hove singularities ͑vH's͒ in the ith valence band and the ith conduction band, numbered starting from the Fermi energy, 7, 25 is close to the laser excitation energy E l ϭ1.58 eV. 22 Therefore, although more than one SWNT ͑up to five SWNTs͒ can on average be illuminated within a laser spot, the probability of finding one resonant SWNT in a spot is very small, and several spots must be checked before we find a Raman signal from a resonant SWNT. 22 Although the tube-surface interaction contributes to the Raman intensity, we did not observe a shift in the G-band frequencies in the experiment due to the tube-surface interaction. Thus we have applied the symmetry assignments determined for an aligned SWNT ͑Ref. 15͒ rope with a similar diameter to an analysis of the Raman spectrum of an isolated SWNT in the present paper.
III. CALCULATED RESULTS
In two-dimensional ͑2D͒ graphite, the in-plane longitudinal and transverse optical ͑LO and TO͒ phonons are degenerate at the ⌫ point in the hexagonal, 2D Brillouin zone ͑BZ͒ as shown in Fig. 1͑a͒ because of the hexagonal lattice symmetry.
2 Zone-folding of the 2D BZ generates onedimensional phonon modes of a SWNT at the ⌫ point of the 1D SWNT BZ from k points which are separated by nK 1 , where Nϭ2(n 2 ϩm 2 ϩnm)/d R , and d R is the greatest common divisor of (2nϩm) and (2mϩn). We show only five lines in Fig. 1͑b͒ for simplicity. For each dot in Fig. 1͑b͒ , we get two phonon frequencies which come from LO and TO phonon branches of 2D graphite, as shown in Fig. 1͑a͒ . The vector K 2 in Fig. 1͑b͒ denotes the reciprocal lattice vector of the 1D BZ whose direction corresponds to the nanotube axis. 25 For the 1D phonon with an index n, there are 2n nodes in the amplitude of each vibration around the circumferential direction, and the values of nϭ0,Ϯ1 and Ϯ2 correspond to the A, E 1 , and E 2 phonon modes, respectively. Two orthogonal eigenvectors for the E 1 and E 2 phonon modes have amplitudes which behave as real quadratic functions (xz,yz) and (xy,x 2 Ϫy 2 ), respectively, on the xy plane perpendicular to the nanotube axis. The other values of n correspond to phonon modes at kϭ0 in the 1D BZ, which are not Raman active, and therefore do not contribute to the first-order Raman spectra.
Since the nK 1 wave vectors coming from the ⌫ points for the four dots with nϭϮ1 and Ϯ2 in Fig. 1͑b͒ correspond to propagating directions of the phonons in the 2D BZ, the displacements of the carbon atoms for the 2D LO and TO phonons are parallel and perpendicular to the propagating direction, respectively. However, the nK 1 vectors are perpendicular to the nanotube axis direction (K 2 ). Thus, the 2D LO and TO phonons of graphite become 1D TO and LO phonons of SWNTs, respectively. In general, LO modes have higher frequencies than TO modes in three-dimensional solids, but this is not the case for carbon nanotubes. Hereafter the labels of LO and TO are used for SWNTs without indicating their 1D dimensionality explicitly.
In Fig. 2 we plot the calculated frequencies of the G-band modes as a function of chiral angle. These calculations yield two A, two E 1 and two E 2 modes, which are denoted by circle, diamond, and square symbols, respectively. Open and solid symbols denote the 1D LO and TO phonons, respectively. The displacements of the carbon atoms for an eigenvector of the SWNT phonon modes are always either parallel or perpendicular to the nanotube axis for the LO or TO phonon modes, respectively, for any symmetry type and for any chirality. This result comes from the curvature effect, which breaks the isotropic in-plane symmetry of the 2D graphite in-plane optic modes.
The TO mode frequencies of E 1 and E 2 symmetry are higher in SWNT's than the corresponding LO mode frequencies, since the 2D LO phonon branch of graphite has a higher frequency than the 2D TO phonon branch. As for the A mode, the LO mode frequency is higher than that for the TO modes, because of the curvature effect, since we do not expect any zone-folding splitting for the A modes as shown in Fig. 1͑a͒ .
The G-band mode frequencies do not depend on the chiral angle, and variations in the mode frequencies come from the diameter variation, since the phonon dispersion of the zonefolded 2D model is isotropic around the ⌫ point in the 2D BZ. For nanotubes with d t ϭ1.3Ϫ1.4 nm, the highest and lowest calculated G-band frequencies correspond to the E 2 TO and E 2 LO modes, respectively. The large separation of the two E 2 mode frequencies mainly comes from the zone folding of the 2D LO and TO phonon branches, and the calculated value of the frequency separation for a d t ϭ1.4 nm nanotube is around 20 cm Ϫ1 , which is consistent with the work of Kasuya et al. 13 For small diameter nanotubes ͑e.g., d t ϭ1.0 nm), for which the curvature effect becomes dominant relative to the zone-folding effect, the calculated A LO mode frequency becomes the highest. Furthermore, a gap between the E 2 LO mode frequency and that for other modes is found, since the 2D TO mode has a larger frequency dispersion than that for the 2D LO mode ͓see Fig. 1͑a͔͒ .
In Fig. 3 , we show calculated Raman intensities for the six phonon modes of the G band as a function of the chiral angle . The intensity for each mode is normalized by the number of carbon atoms in the unit cell 2N since the Raman intensity is proportional to the number of carbon atoms in the unit cell, 10, 26 within the bond-polarization theory. An important aspect of the dependence of the mode intensities is the fact that the armchair nanotubes (ϭ30°) are expected to have Raman intensity for the A 1g
TO , E 1g LO , and E 2g TO modes, while the zigzag nanotubes (ϭ0°) are expected to have Raman intensity for the A 1g
LO , E 1g TO , and E 2g LO modes. In an armchair and zigzag nanotube, respectively, the C-C bonds are perpendicular and parallel to the nanotube axis ͑see Fig.  4͒ . When we examine the displacements of the carbon atoms for the intense Raman modes for armchair and for zigzag nanotubes, the displacements are perpendicular ͑bond bending modes͒ to the C-C bonds for the E 1g modes, while the carbon atom displacements are parallel ͑bond stretching modes͒ to the C-C bonds for the A 1g and E 2g modes, as shown in Fig. 4 . For large , the A TO , E 1 LO , and E 2 TO modes have relatively larger intensities, while the A LO , E 1 TO , and E 2 LO modes are dominant for small . The calculated chirality dependence of the mode intensities varies monotonically from the armchair to the zigzag nanotube, as shown in Fig. 3 . The mode intensities can be fitted by the angular dependence BϩC cos(6) ͑where B and C are fitting parameters and the chiral angle is in units of radians͒. This clearly shows that the components of each vibration in the direction of the C-C bonds ͑with threefold rotational symmetry͒ contribute to the Raman intensity, which has sixfold rotational symmetry with respect to . In all cases, the calculated E 1 intensity is the largest, and the intensity ratio of the A mode relative to that of the E 2 to E 1 modes, is independent of . This result is obtained by averaging the Raman intensity over the nanotube axis directions relative to the direction of the polarized light. Although the A phonon mode has a large intensity when the nanotube axis direction is parallel to the polarization, the dominant contribution to the total intensity comes from the large solid angle of nanotube directions perpendicular to the nanotube axis, where the E 1 modes have a large intensity. 10 Within the bond polarization theory, the Raman intensity depends on the direction of the carbon atom displacements, not relative to the nanotube axis, but relative to the C-C bonds. From a theoretical standpoint, since the Raman intensities for the TO modes seem to be larger than those for the LO modes, the bond polarization perpendicular to the nanotube axis contributes substantially to the Raman intensity. In fact, the RBM which has a strong Raman intensity corresponds to carbon atom displacements perpendicular ͑trans-verse mode͒ to the nanotube axis. Furthermore, when a SWNT of finite length has an open end, the phonon modes whose atomic displacements are parallel to the nanotube axis ͑longitudinal mode͒ have a very weak Raman intensity in the silent frequency region (ϳ400-1000 cm Ϫ1 ) for infinite SWNT's, 26 in which the bond polarization makes a net contribution at the end of the nanotube. Thus, in accordance with Fig. 4 , we might expect that the E 1g TO mode for zigzag nanotubes and the A 1g TO and E 2g TO modes for armchair nanotubes might have a larger intensity, based on the vibration direction of the carbon atoms. However, the depolarization effect, which is also important, shows a different angular dependence 17, 18 and this is discussed in Sec. V. Figure 5 shows the resonant Raman spectra from three different positions on the Si/SiO 2 substrate, each spot having one different SWNT that is in resonance with E l ϭ1.58 eV. In our confocal micro-Raman experiment on individual single wall carbon nanotubes, we observe some G-band Raman spectra which exhibit only Lorentzian line shapes ͑as shown in Fig. 5͒ , and are therefore assigned to semiconducting SWNTs, and some G-band spectra that have a broad Breit-Wigner-Fano ͑BWF͒ feature at about 1550 cm Ϫ1 ͑not shown͒, which we have assigned as coming from metallic SWNTs. 27 Among the data observed from many isolated nanotubes, we restrict our discussion here to those spectra which exhibit only Lorentzian line shapes, since the present paper does not consider the interaction of the discrete phonon lines with an electron-related excitation continuum, 28 which gives rise to the BWF line shape that is observed in metallic carbon nanotubes. 5 As we discuss in the next section, the differences observed in the three spectra shown in 
IV. G-BAND SPECTRA IN CONFOCAL MICRO-RAMAN SPECTROSCOPY

V. DISCUSSION
For a direct comparison between the experimental results shown in Fig. 5 and the predicted chirality dependence for the Raman intensity for different symmetry modes within the G band in SWNTs, it is first necessary to make a symmetry assignment of the modes observed in the spectra. The middle spectrum in Fig. 5 shows the usual G-band line shape, commonly observed in the resonant Raman measurements on SWNT bundle samples containing several semiconducting SWNTs ͑Refs. 4,5͒ in resonance with the incident or scattered photon. Two principal features are observed at 1591 and 1577 cm Ϫ1 . Recent polarization Raman studies 15 showed that those two features are formed by two unresolved modes having A and E 1 symmetries, with the A modes having the larger intensities. Two E 2 modes are expected to appear at lower (ϳ1550 cm Ϫ1 ) and higher (ϳ1607 cm Ϫ1 ) ͑Ref. 15͒ frequencies, but the E 2 modes are hardly seen in Fig. 5 , which is consistent with the previous polarized Raman measurements on aligned semiconducting SWNTs for which the intensity of the E 2 modes was observed to be very small, and smaller than expected theoretically.
For the assignment of the TO and LO nature of these modes, we must consider the calculation discussed in Sec. III, and displayed in Fig. 2 . The force constants used for the results in Sec. III fit well to the two-dimensional ͑2D͒ graphite energy dispersion relations, 29, 30 but it is known that the calculated RBM frequencies are ϳ10% smaller than the observed ones for d t ϭ1.4 nm SWNTs. 22 As for the G-band frequencies, the present calculated values of the frequency separations between the G-band phonon modes with different symmetries fall in the 1570-1590 cm Ϫ1 range. The calculated range is, however, smaller than the spectral range 1550-1610 cm Ϫ1 of the experimental G-band features 15, 22 for semiconducting tubes with d t Ӎ1.4 nm. This discrepancy arises because our calculation considers the curvature effect only through the nearest neighbor C-C interaction, though the force constants in the TBMD calculations are taken up to fourth nearest neighbors. Thus, the present calculated results have some limitations in providing a quantitative analysis of the predicted mode frequencies and resonant Raman intensities. The experiments indicate that the curvature effect is underestimated and should introduce more splitting into the calculated frequencies. However, two important results do not seem to be affected by these limitations of the model: ͑1͒ the frequencies depend very little on chiral angle and ͑2͒ the frequency order of the six symmetry constituents displayed in Fig. 2 does not change with chiral angle. This agreement between theory and experimental observation allows a TO/LO assignment to be made for the peaks observed in Raman spectra, such as shown in Fig. 5 . Considering the experimental symmetry assignments for the two principal peaks, 15 and the calculated mode frequencies discussed in Sec. III ͑see Fig. 2͒ , we assign the peak observed at 1577 cm Ϫ1 to a superposition of the A TO and the E 1 LO symmetry modes, while the peak observed at 1591 cm Ϫ1 is assigned to a superposition of the A LO and the E 1 TO symmetry modes. Therefore, considering the theoretical predictions for the G-band Raman mode intensities discussed in Sec. III ͑see Fig. 3͒ , the relative intensities between these two peaks should be chirality dependent. The two spectra shown on the left and right sides of Fig.  5 come from two different isolated SWNTs on the Si/SiO 2 substrate. These two spectra clearly show an interchange in intensity between the two peaks at ϳ1572 and ϳ1590 cm Ϫ1 . These single nanotube spectra provide experimental evidence for chirality-dependent G-band Raman intensities for carbon nanotubes, which we here discuss in relation to the theoretical predictions in Sec. III.
From the left to the right experimental spectra in Fig. 5 , we see that the intensity of the higher frequency peak (A LO , E 1 TO symmetries͒ decreases and of the lower frequency peak (A TO , E 1 LO symmetries͒ increases. This is exactly the behavior predicted for the G-band intensity dependence on chirality, as increases from 0°to 30°͑see Fig. 3͒ . Therefore, considering the calculated chirality dependence of the G-band mode intensities in Fig. 3 , the left side spectra in Fig.  5 come from a SWNT with a low chiral angle ( close to 0°), while the spectra at the right side of Fig. 5 come from a SWNT with high chiral angle ( close to 30°). These differences in line shape provide experimental evidence for the predicted chirality dependence of the G-band intensity discussed in Sec. III.
For the chirality assignment of the spectrum in the center of Fig. 5 , the nonresonant theory discussed in Sec. III would give a value of ϳ10°. However, it is important to remember that in a resonant Raman spectrum of a SWNT bundle sample of semiconducting nanotubes with different chiralities, 15 the lower frequency peak (ϳ1572 cm Ϫ1 ) always gives a smaller Raman intensity relative to that for the higher frequency peak (ϳ1590 cm Ϫ1 ). This observed asymmetric intensity behavior for the peaks cannot be explained by the bond-polarization theory in Fig. 3 , where an average over all chiral SWNTs would give an approximately equal intensity for the peaks at ϳ1570 cm Ϫ1 (A TO and E 1 LO ) and at ϳ1590 cm Ϫ1 (A LO and E 1 TO ). In resonance Raman spectroscopy, the enhancement of the Raman intensity depends on the phonon symmetries. 31 Especially in the case of carbon nanotubes, the depolarization effect for optical transitions may affect the different phonon symmetries in a different way, since the direction of the vibrations may be essential for the depolarization effect. Thus we do not use, in the analysis of the experimental spectra, the predicted relative intensities between different G-band phonon symmetries, as calculated by the bond-polarization theory. However, we do use, in the interpretation of experiments, the predicted Raman intensities for modes with the same symmetry but with different chirality, which is the subject of the present paper. For the three G-band symmetry modes A, E 1 , and E 2 , the atomic vibrations for the optical modes are similar to one another, except for the amplitude along the circumferential direction and for the difference between the LO and TO modes ͑as discussed further below͒. In this sense, the relative Raman intensities for the three modes would be similar to one another in the same phonon branch, if there were no depolarization effect. In contrast, the depo-larization effect in the optical absorption is essential for obtaining different enhancement factors in the resonant Raman process for each phonon mode in the G band. To calculate the resonant Raman intensity, it is therefore necessary to consider both ͑1͒ the electron-phonon interaction for each phonon mode and ͑2͒ the depolarization effect, and the calculation of both of these effects is beyond the scope of this paper.
Considering the depolarization effect in carbon nanotubes, the absorption and emission of light is suppressed when the light is polarized perpendicular to the tube axis. [17] [18] [19] This polarization effect can explain the experimental observation that there are a few SWNTs which have a larger A TO mode intensity than the A LO modes. This means that, although the spectrum in the center of Fig. 5 does not exhibit similar intensities for the higher and lower frequency peaks, the chiral angle for this resonant SWNT should be close to ϭ15°. Combined with the fact that the RBM spectrum can be observed for a single nanotube, 32 and that there is a homogeneous chirality distribution, we expect that the anisotropic optical absorption is important to explain that A LO is generally larger intensity than A TO . To study the detailed resonant Raman intensity, we need to consider the electronphonon coupling constant 33 which might also depend on the phonon symmetries.
Although general Raman theory says that the symmetry selection rules do no longer strictly apply in the resonant Raman regime, we do not actually observe any additional phonon modes in the resonant Raman experiment with different symmetries in the G-band frequency region, which are not predicted by nonresonant theory. 6, 15 We interpret this experimental result to suggest that the electron-phonon interaction might work similarly for the optical phonon modes, whose amplitudes are modulated along the circumferential direction. Since we observe in the Raman spectroscopy of isolated single wall carbon nanotubes that there are different Raman intensities for various features in the same G-band phonon frequency region ͑see, for example, Fig. 5 and the recent paper by Yu and Brus 34 ͒ using the same laser energy but on different light spots ͑similar diameter tubes but with different chiralities͒, the theory presented here is able to explain most of the experimental observations associated with the G band for the Raman spectra of isolated SWNTs. Furthermore, the comparison between experiments and theory indicate where further improvements to the theory are particularly needed.
VI. SUMMARY
We show in the present study both from theoretical and experimental work that the G-band intensity is chirality dependent. In particular, we give a clear view of the relationship between the symmetry of the G-band phonon modes and the Raman intensity from theory. From a confocal resonant micro-Raman measurement of isolated SWNTs, we discuss the important physics that is here involved, first from an experimental point of view and then as the experiments relate to the theory. The comparison between experiment and theory permits us to estimate the chiral angle for an isolated SWNT, thus contributing to improving the accuracy and uniqueness of the (n,m) assignment of a SWNT observed by resonant Raman spectroscopy, 15 and also in the identification of whether or not the RBM and the G-band features, observed in the Raman spectra from one light spot on the sample, come from the same resonant SWNT.
